Copernican-age craters are among the most conspicuous features seen on the far side and western limb of the Moon in the Galileo multispectral images acquired in December 1990. Among the new morphologic observations of far-side craters are bright rays, continuous ejecta deposits, and dark rings associated with probable impact-melt veneers. These observations suggest that the mapped age assignments of several large far-side craters (Ohm, Robertson, and possibly Lowell and Lenz) need revision. New crater size-frequency measurements on Lunar Orbiter images suggest the following age reassignments: Hausen (170 km diameter), Pythagoras (120 km), and Bullialdus (61 km) from Eratosthenian to Upper Imbrian, and Carpenter (60 km) and Harpalus (39 kin) from Copernican to Eratosthenian. Colors and albedos of craters (away from impact-melt veneers) are correlated with their geologic emplacement ages as determined from counts of superposed craters; these age-color relations are used to estimate the emplacement age (time since impact event) for other Copernican-age craters. These agecolor relations indicate a probable Copernican age for 27 far-side or western limb craters larger than 10 km diameter that were not previously mapped as Copernican. The apparent deficiency of Copernican craters on the far side compared with the near side in published geologic maps is not present in our data. Age-color trends differ between mare and highland regions and between the interiors and continuous ejecta of the craters. Similar trends are established for color and albedo versus soil-maturity indices for the returned lunar samples, with distinct trends for mare and highland soils. However, the mare versus highland offsets are reversed in the two comparisons. These relations can be explained by variations in regolith thicknesses and rates of mixing with relatively fresh, crystalline ejecta. Therefore, the soil-maturity trends represent longer geologic time periods in regions with thinner regoliths, such as the maria.
INTRODUCTION
Unlike the Earth's surface, where erosion and other processes obscure the impact record, the surface of the Moon contains an accurate and complete record of the impact flux over the Earth-Moon region during the past few billion years. Deciphering that record (or just its most recent part) could resolve current controversies over the magnitude and the periodicity or episodicity of the asteroid and comet flux in the neighborhood of Earth and their effect on mass extinctions and the evolution of life [e.g., Shoemaker and Wolfe, 1986; Grieve et al., 1988] . In principle, this could be accomplished through remote sensing combined with radiometric dates for key units, such as impact melts of large Copemican craters with extensive ray systems (for example, Copemicus, Tycho, and Jackson). stratigraphic assignments of some post-Imbrian craters (i.e., Copemican versus Eratosthenian, and subdivisions within the Copemican) can be significantly improved through the use of multispectral observations. We have five main objectives for this paper: (1) to describe the Galileo EM1 (first Earth-Moon flyby) imaging observations of post-Imbrium craters, including bright rays, continuous ejecta, and dark crater rings; (2) to present new counts of the size-frequency distributions of craters superposed on large isolated post-Imbrium craters, for determination of geologic emplacement ages; (3) to quantitatively relate multispectral measurements of crater materials to geologic emplacement ages, providing a basis for mapping Copemican units; (4) to compare and contrast these results with soilmaturity parameters and regolith-evolution models; and (5) to describe the production of multispectral mosaics from the Galileo EM1 images (appendix)ø The organization of the paper follows these objectives. We use three data sets: ( Improved understanding of the spectral effects of variations in the steady state soil maturity will improve our ability to interpret item (2), especially for the use of crater compositions as probes of crustal stratigraphy [e.g., Pieters, 1986] . The steady state maturity (or simply "maturity" hereafter) results from both the soil's cumulative age of exposure to the space environment and steady state horizontal and vertical mixing of fresh crystalline materials [e.g., Ba•a, 1990]. "Maturity" is sometimes misused to indicate "exposure age", but a soil's maturity is limited to a steady state value determined by the rate of mixing with fresh crystalline materials, which in tum is a function of regolith thickness, the crystallinity and coherence of the underlying strata, and topography. In this paper we show that steady state mixing with fresh crystalline materials is especially important for understanding the agecolor relations of Copemican craters. "Lunar soil" is used in this paper to refer to the finer grained fraction of the unconsolidated material (regolith) at the lunar surface [cf. Heiken et al., 1991] . In addition, we will follow the distinction made by Shoemaker and Morris [1970] between regolith and a fragmental geologic unit, such as an ejecta blanket, in which the regolith is a strictly surficial layer of debris whose thickness and other characteristics are a function of surface processes and exposure time. Hence, a new ejecta deposit consisting of fragmented bedrock has no regolith, although the process of regolith development begins almost immediately. Fragmental geologic units do contribute to the "megaregolith" [Hartmann, 1973] .
Most soil-evolution models are based on the scenario first described nearby soils. With continued surface exposure and small-scale impact "gardening," a steady state may be reached in which the mean grain size and agglutinate content do not change until interrupted by a rare larger impact that buries the soil and resets the surface exposure age. An impact that excavates to depths much greater than the regolith thickness will emplace or expose crater floor materials and continuous ejecta with exposure ages near zero. Buried soil may be reexcavated by a subsequent event and returned to the surface to undergo further maturation. In addition to small-scale impact gardening, which may be thought of as "in situ" processing, and large nearby events that reset the soil exposure age, medium-sized or large distant impacts will contribute "outside" materials (i.e., outside the local regolith) that are mixed into the soil. Outside materials may originate either from vertical mixing from below the local regolith, or from lateral mixing from greater distances. In regions of thin regolith, this outside contribution will be dominated by fresh crystalline materials, whereas in regions of thick regolith there will be a greater proportion of soils with a prior exposure history. Another way of stating this is that an impact event of a given magnitude will excavate only regolith where the target regolith is thick and can be considered part of the "in situ" gardening, here and in three companion papers in this issue [Greeley et The basic SSI data set used in this paper and the companion papers in this special section is a coregistered set of multispectral mosaics consisting of the best SSI coverage of the illuminated hemisphere, corrected to normal albedo (Table 1' Ejecta deposits within one to five crater diameters are distinctive around the rayed craters (Plates 1-2); some are radially asymmetric. The ejecta distributions around both Jackson and Ohm resemble that from an impact angle of 45 ø at White Sands Missile Range [Moore, 1976] , and the ejecta around Olbers A ¾esemble that from an impact angle 5 ø above horizontal produced in the laboratory [Gault and Wedekind, 1978] .
Rings of Impact-Melt Veneer
Relatively dark rings surround the rims of Copemicus, Tycho, Aristarchus, Zucchius, Olbers-A, and other large Mapping Sequence (Table   1) .
Copemican-age craters, best seen on Earth-based images acquired at low phase angles. Most of these western near side dark rings can also be seen in the SSI EM1 mosaics, but at lower contrast at the phase angle of this portion of the mosaic (57 ø ) than at full Moon. Howard and Wilshire [1975] proposed that the dark halo around Tycho was due to the presence of low-albedo ponds and thin veneers of fine-grained recrystallized impact melt. Hawke et al. [1979] suggested that a significant component of impact-generated glass was also required to account for the color properties of the dark rings. In addition to thin glassy veneers that are among the last ejecta deposits, another contributor to the dark rings may be impact-melt splashes (IMS's) such as those returned from the Apollo 16 landing site [See et al. 1986 ]. IMS's are significantly larger than soil agglutinates but smaller than fragments of holocrystalline melt sheets. These glassy materials occur as splashes that drape various host rocks, sometimes on several sides. See et al. [1986] proposed that the splashes were deposited on the host rocks inside growing crater cavities or during ballistic flight.
Reddish materials To fuel further speculation, it is interesting to note that the spectral properties of the highlands materials within the South Pole/Aitken basin are also similar to that of the dark rings 
FREQUENCIES OF SUPERPOSED CRATERS
We have examined the multispectral and superposed crater frequencies of large isolated craters, mostly of Eratosthenian and Copernican ages, to avoid complications due to secondaries (as they affect superposed crater counts) and spatially nonuniform regolith mixing from other nearby, large, and younger impacts (as it affects regolith-evolution models). The new crater size-frequency measurements (Table 2) , made on Lunar Orbiter images, refine and extend the results of Neukum and KOnig [1976] . Our total data set for the region of the Moon imaged by Galileo includes 11 "mare" craters and 9 "highland" craters (Table 3) In some cases these are the averages of two solutions, either from two measurements such as separate counts over crater floors and continuous ejecta, or fits over two size intervals. [1971 ] , but which has a crater frequency slightly less than that of Copernicus. However, note that the crater frequencies for all six of the craters discussed above are near the boundaries of the relevant lunar geologic time periods; given the uncertainties in crater counts, perhaps formal reclassification should await more compelling evidence. (Table 2) 
Mapping of Copernican Units
We have used the Table 3 . Figure 3 and Plate 3).
Certain lunar regions or craters with unusual compositions
may be misclassified by our color-ratio method. For example, craters in cryptomare regions will tend to be classified too young because color-ratio values for the highlands were applied, but they may have excavated mare-rich materials with higher GRN/1MC color ratios (see Table 4 ). Crater materials rich in olivine or augRe will have deeper 1MC bands than typical soils of comparable age, and they may also be classified too young. Fe-rich impact melt is relatively dark and red, as discussed in section 2.2, and is classified too old.
The possible effects of exposures of pure anorthosite are discussed in section 5 below. Careful geologic interpretations are needed to avoid these possible errors. 
Discussion of Individual Craters
Aristarchus is one of the most conspicuous GRN/1MC anomalies on the half of the Moon imaged during EM 1 (Plates 2, bottom, and 3), and it is one of the most recent craters, as indicated by the counts of superposed craters and by superposition of Aristarchus rays over nearby young craters such as Kepler. There appear to be at least two smaller and younger Copernican craters superimposed on the ejecta north and northwest of Aristarchus, which contribute to the complex shape of the GRN/1MC anomaly. However, this is also a geologically complex area [Moore, 1965] and is compositionally very heterogeneous [Lucey et al., 1986] .
Another strong albedo and GRN/1MC bright spot occurs near the double crater Lenz. This bright crater was first seen in photographs acquired by the Soviet Zond missions [Lipskii, 1975 ] (see Figure 4) . [Lucchitta, 1978] , consistent with the crater frequencies in Table 2 . These cratering events probably occurred over a period of more than 2 b.y. (Table 3 ), yet all would be classified to about the same relative age on the basis of the seven morphologic stages for relative age-dating of large craters of Pohn and Offield [1970] , widely used by lunar geologic mappers. Another discrepancy in the near-side classifications (Table   5 ) is apparent for the crater Zucchius, which was mapped as 
Near-side/Far-side Abundances of Copernican Craters
The apparent deficiency (on published geologic maps) of Copernican craters on the far side compared with the near side [cf. Wilhelms, 1987] is not present in the portions of the near side and far side covered by our Copernican-unit map (Figure  7) , confirming the suspicion that this apparent deficiency was due, at least in part, to a paucity of low-phase images of the far side. In fact, our spectral map shows more Copernicanage surface coverage on the far side (Table 6 ). However, Table 4 , with white for red, light gray for yellow, medium gray for green, and dark gray for blue. See Table 6 for percent coverage by each unit. given the calibration uncertainties (appendix), the difference in near-side/far-side resolutions, the different compositional units, different phase angles, etc., we do not consider this difference to be significant. The impacting flux is unlikely to significantly favor one hemisphere over another, but it is possible that the rougher far-side topography [Kaula et al., 1974] could result in some differences in soil maturity due to downslope movements. We have examined the multispectral and superposed crater frequencies of large isolated craters, mostly of Eratosthenian and Copernican ages, to avoid complications due to secondaries (as they affect superposed crater counts) and spatially nonuniform regolith mixing from other nearby, large, and younger impacts (as it affects regolith-evolution models). and (2) its reflections created "ghost" images [Belton et al., 1992b] . To complicate these problems, the in-flight calibration images were not properly acquired, and only preflight radiometric files, which were not acquired through the dust cover, were available. As a result, ting-shaped shadows from dust particles in the optical system ("dust donuts") are not completely removed by the pre-flight calibration files [see Belton et al., 1992b, Figure 5] . A dust donut correction file was created by filtering and stenciling an image of Venus' limb (picture number V645) that is very bland (except for dust donuts); this correction has been incorporated into the calibration files on the EM1 REDR CDs.
SPECTRAL REFLECTANCE VERSUS SOIL MATURITY IN APOLLO SAMPLES: EFFECTS OF REGOLITH DEPTH
The ghost images appear to be simple single reflections, displaced 23 pixels to the left and 2 pixels up, relative to each frame. The ghosts were removed by multiplying each frame by the ratio of brightnesses of ghost:primary (Table 7) , repositioning the image 23 pixels to the left and 2 pixels up, and subtracting it from the original.
An additional problem, not related to the cover, is a lowlevel, low-frequency brightness component over the images caused by scattered light, best seen next to a bright limb. From observations of Jupiter, Gaspra, Venus, and the Moon, we know that the larger the angular diameter of the bright object, the greater the magnitude and spatial scale of the observed off-limb scattered light. The scattered component appears symmetric about the target (planetary body) in or near the field of view in all filters except 1MC, but this could change when in-flight calibration is available.
An attempt was made during the EM 1 encounter to remove the scattered light with a series of filters, and although successfully normalizing space to within one-half data number (DN) of zero, our efforts worsened the frame-to-frame consistency of the data on the illuminated disk, so the effort was abandoned. However, we found that the halos were similar within each matched set of seven images through each filter, i.e., with the camera pointing toward the same portion of the target, resulting in consistent color ratios. Use of the overlap region between different matched sets resulted in obviously inconsistent color ratios. Therefore, we proceeded to minimize this problem in two ways: (1) stenciling each seven-filter set of images to prevent overlap with adjacent sets in the mosaics; and (2) empirical frame-to-frame histogram matching (after photometric normalization) via linear leastsquared fits to normalize small residual offsets. These linear fits are very precise, with correlation coefficients typically around 0.99, so the slope and offset terms seem to describe the frame-to-frame offsets very exactly. Shadow values from Lunmap 8 images were used to fix the zero level. The multiplicative terms correlate with phase angle and wavelength, consistent with phase-function residuals (described below).
A.2. Geometric Control and Reprojection
Images from six of the lunar mapping sequences were chosen for optimal longitudinal coverage at the best resolutions and lowest phase angles (Table 1 ). The USGS shaded relief maps of the Moon [U.S. Geological Survey, 1980 Survey, , 1981 Survey, , 1992 were scanned into digital format and used as base maps for geometric control. Although the control of the airbrush maps is far from perfect, we judged them good enough relative to EM1 resolutions, and this procedure ensured good registration to the airbrush map for comparison of spectral units with the surface morphology. Camera angles were corrected by choosing tie points (to the airbrush map) and match points between SSI frames [Edwards, 1987] . Each frame was then reprojected into the sinusoidal equal-area projection for mosaicking. After mosaicking, the data sets were reprojected into simple cylindrical or other map formats.
The mosaics were constructed from the Lunmaps 8, 12, 14, 23, and Mapcal01 sequences (cf. for the disk-integrated Moon (w = 0.21, h = 0.07, S = 0.71, g = -0.1, and 0 = 20ø). Identical parameters were applied to all bandpasses. This model appears to provide an adequate limbdarkening correction over most areas, but overcorrects the limb darkening at high photometric latitudes (which correspond to planetary latitudes for these images), especially at higher phase angles ( Figure 9) . As a result, the highland terrains near the limb of Lunmap8 images, in particular, are too bright. The phase darkening of each frame (independent of illumination or emission angle) was clearly undercorrected by the Hapke function, i.e., higher-phase images remained systematically darker than lower-phase images. This systematic residual also varies with wavelength. Using the overlap between frames, we found linear correction factors for each filter (as part of the histogram matching described above).
The correction factors (Table 8) To examine residual errors or variance in the data, a series of ratios of coregistered images from different mapping sequences were produced. These ratios show (1) highfrequency bright and dark parallel bands due to misregistration (mostly subpixel magnitudes); (2) increasing noisiness toward terminator regions; and (3) relatively bright or dark terrain units due to scattering-function variations [Helfenstein and Veverka, 1987] . The scattering-function terrain variations are most pronounced at large sun angles or when ratioing images with significantly different phase angles, consistent with the effects expected due to variations in macroscopic roughness' [Hapke, 1984] , but differences in single-particle phase function may also have some effect. These variations largely disappear in the ratios of color ratios, as expected for macroscopic roughness variations. We expect to be able to use such information to map roughness variations over portions of the Moon imaged multiple times with a range of illumination and phase angles.
A.4. Analysis of Errors
The intrinsic limitations of our EM1 multispectral dataset must be understood to avoid possible spurious interpretations.
Comparison of reprojected and Hapke-normalized images reveals small systematic discrepancies with respect to photometric coordinates (Figures 9-10 Only a small percentage of the data, as seen in the original point-perspective views, are affected by these problems, and we mosaicked the frames in a way that favors the "better" data. But there remain three problems: (1) the south polar region is covered at large sun angles in all frames; (2) the westernmost longitudes are covered only by the low-resolution frames; and (3) there is a tradeoff between resolution and photometric quality.
Because of problem 3, the Lunmap 14-23 seam includes data of poor photometric quality on the Lunmap 14 side of the seam, to preserve the better spatial resolution. Problems 1 and 2 have no immediate solution; the major casualty is the south polar region and longitudes beyond about 160 ø W. Unfortunately, given the geometry and nature of this problem, all except the northeastern region of the South Pole/Aitken compositional anomaly are outside the region of data reliability. Perhaps trustworthy color data over this important region could be extracted in the future if we can (1) apply a rigorous scattering correction model; (2) improve the geometric control; (3) apply an improved photometric function; and (4) average over large areas to improve the S:N due to the underexposure.
